Surface proteins of Streptococcus pyogenes are important virulence factors. Here we describe a novel collagenlike surface protein, designated SclA (streptococcal collagen-like surface protein). The sclA gene was identified in silico using the Streptococcal Genome Sequencing Project with the recently identified protein GRAB as the probe. SclA has a signal sequence and a cell wall attachment region containing the prototypic LPXTGX motif. The surface-exposed part of SclA contains a unique NH 2 -terminal domain of 73 amino acids, followed by a collagen-like region. The sclA gene was found to be positively regulated by Mga, a transcriptional activator of several S. pyogenes virulence determinants. A mutant lacking cell wall-associated SclA was constructed and was found to be as effective as wild-type bacteria in platelet aggregation, survival in fresh human blood, and adherence to pharyngeal cells. The sclA gene was found in all 12 S. pyogenes strains that were investigated using PCR. Sequence analysis revealed that the signal sequence and the cell wall attachment region are highly conserved. The collagen-like domain is variable in its NH 2 -terminal region and has conserved repeated domains in its COOH-terminal part. SclA proteins from most strains have additional proline-rich repeats spacing the collagen-like domain and the cell wall attachment sequence. The unique NH 2 -terminal region is hypervariable, but computer predictions indicate a common secondary structure, with two alpha helices connected by a loop region. Immune selection may explain the hypervariability in the NH 2 -terminal region, whereas the preserved secondary structure implies that this region has a common function. These features and the Mga regulation are shared with the M protein of S. pyogenes. Moreover, as with the gene encoding the M protein, phylogenetic analysis indicates that horizontal gene transfer has contributed to the evolution of sclA.
Streptococcus pyogenes is an important pathogen causing the common diseases pharyngitis, erysipelas, and impetigo. Sometimes this organism causes severe invasive diseases, such as a toxic shock-like syndrome and necrotizing fasciitis. Nonsuppurative sequelae following infection with S. pyogenes include acute rheumatic fever and poststreptococcal glomerulonephritis. The cell wall-anchored proteins of S. pyogenes are regarded as major virulence determinants and share common features, including a signal sequence and a cell wall attachment signal containing a so-called LPXTGX motif (39) . Among the bestcharacterized and most important cell wall-attached proteins are the alpha-helical coiled-coil M and M-like proteins (see references 15 and 51) . Each S. pyogenes strain carries one to three genes encoding M or M-like proteins, and these genes are colocated on the chromosome with the mga gene encoding their positive regulator, Mga (7, 22, 36, 42, 45) . The scpA gene encoding the cell wall-attached C5a-peptidase is also located at this chromosomal site (44, 60) . The M and M-like proteins bind several plasma proteins, such as fibrinogen (30) , IgA (37) , IgG (1, 20) , serum albumin (16, 50, 56) , plasminogen (4), kininogens (3) , and regulatory proteins of the complement system (23, 59) . The binding sites for these ligands are found both in the conserved COOH-and in the variable NH 2 -terminal regions of the protein (39) . The binding activities are probably important for the antiphagocytic properties of M proteins. Other cell wall-anchored proteins in S. pyogenes containing the LPXTGX motif include the fibronectin binding protein F (Sfb1) and PFBP (18, 52, 58) , the fibronectin binding apolipoproteinase serum opacity factor (47, 55) , and the ␣ 2 -macroglobulin binding protein GRAB (48) . In this work we describe a novel and widespread gene, regulated by Mga, encoding a cell wall-anchored protein of S. pyogenes. SclA (streptococcal collagen-like surface protein) has a typical cell wall anchor and signal sequence, whereas the surface-exposed part of the molecule comprises a region with homology to collagen and a hypervariable NH 2 -terminal part.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. pyogenes strains designated AP are from the Institute of Hygiene and Epidemiology, Prague, Czech Republic. The KTL3 and KTL9 strains are blood isolates from the Finnish Institute for Health. The SF370 strain is the ATCC 700294 strain. BMJ71 is an isogenic AP1 mutant containing a Tn916 insertion within mga (33) . BMJ71pMGA.1 is a derivate of BMJ71 containing mga on a plasmid (33) . For molecular cloning purposes, the BL21 or the DH5␣ strain of Escherichia coli was used. Streptococci were grown in Todd-Hewitt broth (Difco, Detroit, Mich.) with 0.2% yeast extract (THY) (Difco) in 5% CO 2 at 37°C. For growth of mga mutants, appropriate antibiotics were added (33) . E. coli strains were grown in Luria Bertani broth (10 g of tryptone [Difco]/liter, 10 g of NaCl/liter, 5 g of yeast extract [Difco]/liter). For growth on Petri dishes, 15 g of bacto agar (Difco)/liter was added. When E. coli contained a plasmid, either 100 g of ampicillin (Sigma, St. Louis, Mo.)/ml or 50 g of kanamycin (Sigma)/ml was added to the medium.
PCR, cloning procedures, and sequencing. Genomic DNA was prepared from S. pyogenes as described previously (43) with modifications as described previously (48) . PCR was performed using Taq polymerase (Gibco-BRL, Gaithersburg, Md.) and synthetic oligonucleotides hybridizing to sclA. Primers hybridized to the following nucleotides found in the Streptococcal Genome Sequencing database (the introduced restriction site and the position of the site are given in parentheses): F1, nucleotide (nt) 199208-199236; F2, nt 199372-199400 Restriction enzymes and ligase were from Gibco-BRL, and standard ligation, transformation, and plasmid isolation methods were used (54) . PCR products were generated using primers F1 and R2, and DNA sequences were determined using an ABI-470 prism and Taq-dyed dideoxy terminator kit (Perkin and Elmer, Norwalk, Conn.). For expression cloning, primers F2 and R2 were used in PCR with AP1 DNA, and the restriction enzyme-cleaved product was ligated into the corresponding site of pGEX-5X-3 (Pharmacia Biotech, Uppsala, Sweden). The resulting plasmid was transformed into BL21 bacteria, which upon induction with 0.5 mM isopropyl-␤-thiogalactopyranoside (Promega) produced a fusion protein between glutathione S-transferase (GST) and SclA. The fusion protein was purified by affinity chromatography according to the instructions of the manufacturer. Sequencing of the plasmid insert confirmed that the correct sequence had been cloned. To generate a mutant devoid of SclA on its surface, a fragment of sclA, lacking the part encoding the putative cell wall attachment region, was generated by PCR from the AP1 strain using primers F3 and R1. The fragment was treated with appropriate restriction enzyme, ligated into the streptococcal suicide plasmid pFW13 (46) , a kind gift from Andreas Podbielski, to generate pFW-sclA, and transformed into DH5␣. The plasmid was purified, and 2 g of the plasmid was electroporated into the AP1 strain (19) for homologous recombination to occur. Transformants were plated on THY plus 15 g of agar/liter with 150 g of kanamycin/ml.
Blotting techniques. Twenty micrograms of chromosomal DNA, purified as described above, was cleaved by HindIII, separated by agarose gel electrophoresis, and blotted onto Hybond-N filters (Amersham, Amersham, United Kingdom) using standard protocols (54) . Total RNA from S. pyogenes was purified using a Fastprep cell disrupter (Savant, Holbrok, N.Y.) as previously described (9) . Streptococci were cultured in THY medium to an optical density at 620 nm (OD 620 ) of 0.3 (early logarithmic phase), an OD 620 of 0.6 (late logarithmic phase), or an OD 620 of 0.8 (early stationary phase) before harvest by centrifugation at 3,800 ϫ g for 10 min at 4°C. Pellets were resuspended in water, followed by disruption for 20 s (2 times) at setting 6.0 using a FastRNA kit with glass beads (BIO 101, Vista, Calif.) according to the instructions from the manufacturers. For Northern blot experiments, 5 g of total RNA was separated on 1% agarose in 1ϫ HEPES buffer (0.2 M Na-HEPES [pH 7.0], 50 mM NaAc, 10 mM EDTA) containing 2.3 M formaldehyde and blotted onto Hybond-N. RNA or DNA was cross-linked to the filter using a Spectrolinker XL-1000 UV Crosslinker, prehybridized for 2 h, and hybridized overnight at 50°C with a probe generated by PCR from AP1 using primers F2 and R2 and labeled as described (48) . This probe hybridizes with the part of sclA encoding the A, CLR, and W regions (see Fig. 1 ). Filters were also hybridized with a probe constructed from a 16S ribosomal RNA sequence of S. pyogenes (48) . After hybridization, the membranes were washed in 6 Ϫ0.1ϫ SSC-0.1% sodium dodecyl sulfate (SDS) (1ϫ SSC is 0.15 M NaCl plus 0.115 M sodium citrate), followed by exposure of a BAS-III imaging plate and scanning with a Bio-Imaging Analyzer BAS-2000 (Fuji Photo Films Co. Ltd.). Intensities of bands were calculated using the Image Gauche program.
Antiserum, protein separation, and Western blotting. Rabbit antiserum against SclA was generated by injecting 50 g of purified GST-SclA protein with an equal volume of Freunds adjuvant (1/3 complete and 2/3 incomplete) subcutaneously into rabbits. This was repeated after 4 weeks, blood was drawn 6 weeks after the first immunization, and serum was prepared. Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (40) and transferred to a Protane nitrocellulose filter (Schleicher & Shuell, Dassel, Germany) using a Trans-blot semidry transfer cell (Bio-Rad, Hercules, Calif.). Filters were blocked using phosphate-buffered saline with 0.05% Tween 20 and 5% dry milk powder (blocking buffer), followed by incubation of the filter with antiserum (1:5,000) in 5 ml of the same buffer for 30 min at 37°C. Membranes were washed 3 times for 10 min using phosphate-buffered saline with 0.05% Tween 20 and 0.5 M NaCl, followed by incubation of the filter with a peroxidase-conjugated antibody against rabbit immunoglobulin (1:3,000) in blocking buffer. Filters were washed as described above, and detection of bound antibodies was performed with the chemiluminescence method.
Other methods. The tBLASTn service (www.genome.ou.edu/strep.html) was used to search the database of the Streptococcal Genome Sequencing Project. Other homology searches were made using the BLAST 2.0 program (www.ncbi .nlm.nih.gov). Signal sequence predictions were made using the SignalP V1.1 program (www.cbs.dtu.dk) (41) . Phylogenetic analyses of the NH 2 -terminal region of the M protein and the A domain of SclA were performed (http: //bioweb.pasteur.fr) using parsimony analysis. Secondary structure and pI predictions were performed using MacVector (Oxford Molecular Ltd., version 6.5). Platelet aggregonometry was performed as described previously (35) . Adherence of streptococci to the human pharynx carcinoma cell line Detroit 562 (ATCC CCL-138) was tested as described previously (5) . Proteins were precipitated by incubation with 6% trichloroacetic acid (TCA) for 30 min on ice, followed by centrifugation at 15,000 ϫ g (4°C for 20 min).
Nucleotide sequence accession numbers. The sclA and SclA sequences have been deposited in GenBank under accession no. AF296329 to AF296339. A schematic representation of the SclA protein is shown in Fig. 1 . In the NH 2 -terminal region is a putative 37-amino-acid (aa)-long signal sequence as predicted from the signalP program. This region is followed by a 73-aa A domain with no significant similarity to any other protein. The collagen-like region (CLR) consists of 171 amino acid residues with a glycine in every third position and is rich in proline residues (10%). In the COOH-terminal part of the CLR are two partially overlapping repeated motifs. The type 1 repeats are 15 aa in length and are composed entirely of collagen-like GXY units, while the type 2 repeat is 16 aa and consists predominantly of GXY units. Each pair of repeats contains a single mismatch. The CLR is similar to several types of collagen from different species, including human collagens. The CLR is followed by a putative cell wall-spanning domain (W) which includes the LPATGE sequence. The membrane-spanning domain (M) consists of 19 hydrophobic residues followed by 6 charged residues in the extreme COOH-terminal region. The W and M regions are similar to the corresponding domains of several M proteins. The mature SclA protein has a calculated molecular mass of 29 kDa and an estimated pI of 5.26.
RESULTS

Identification
The sclA gene is transcriptionally controlled by Mga. The expression of sclA was investigated using Northern blotting, in which total RNA from the AP1 strain was prepared at different stages of growth. Maximal expression of sclA was seen in early logarithmic growth phase, with lower amounts of transcript in late logarithmic growth phase ( Fig. 2A) . In early stationary phase, almost no sclA transcript was detected. The same filter was hybridized with a 16S probe, showing that the same amount of RNA had been applied to each well (data not shown). Several surface proteins implicated in the virulence of S. pyogenes are transcriptionally activated by a protein termed Mga (7, 42, 45 ). An isogenic mutant of AP1, with a transposon insertion within mga, was therefore tested for sclA expression, and it was found that this mutant (BMJ71) was devoid of the sclA transcript in three independent experiments (Fig. 2B) . The expression of sclA was almost completely restored in the BMJ71pMGA.1 strain (77 and 92% of the AP1 level in two separate experiments), which harbors mga on a plasmid (Fig.  2B) . Again, the filter shown in Fig. 2B was hybridized with a 16S probe, confirming that the same amount of RNA had been applied to each well (data not shown). The Mga protein exerts its effects by binding to a so-called Mga-binding element, and the consensus sequence for this element (38) was compared to the DNA sequence upstream from sclA. Indeed, a DNA sequence was identified for which 34 out of 40 nt were identical to the consensus sequence. This sequence was found 108 to 147 bp upstream from the start codon of sclA (Fig. 2C) . Moreover, putative Ϫ35 and Ϫ10 boxes, similar to those described for the emm and scpA genes (38), were located within and downstream from this element, respectively (Fig. 2C) .
Generation and characterization of a mutant lacking surface-associated SclA. The entire mature SclA (aa 37 to 322 in Fig. 1 ) was expressed as a fusion protein with GST. The protein could be purified in small quantities and had a tendency to precipitate. The GST-SclA protein migrated with an apparent size of approximately 65 kDa, which is somewhat larger than expected (Fig. 3) . However, it is common for the sizes of cell wall proteins from gram-positive bacteria to be overestimated by SDS-PAGE (31, 48) . The fusion protein was used to immunize rabbits, and the polyclonal antiserum reacted specifically with the GST-SclA protein fusion (Fig. 3, right panel) .
To inactivate sclA, a PCR-generated 692-bp internal fragment (corresponding to aa 74 to 294 in Fig. 1 ) of sclA lacking the part encoding the cell wall anchoring region was cloned into the pFW13 suicide vector (46) to generate pFW-sclA (Fig.  4A) . pFW-sclA was electroporated into AP1 bacteria for homologous recombination (Fig. 4A) , and one kanamycine-resistant clone, designated SclA Ϫ , was selected for further analysis. Southern blot analysis confirmed that a single crossover event had taken place at the sclA locus (data not shown). With this mutagenesis strategy the mutant should be devoid of surface bound SclA and instead secrete a truncated form (aa 38 to 294 in Fig. 1) . Accordingly, when the supernatants from overnight cultures of AP1 and SclA Ϫ were precipitated with TCA and subjected to Western blotting using the SclA antiserum, the SclA Ϫ strain was found to secrete a protein with an apparent mass of approximately 32 kDa which was not identified in the AP1 medium (Fig. 4B) . The other proteins recognized by this antiserum were also recognized by the preimmune serum (Fig.  4B) . The predicted size of the SclA protein secreted by SclA Ϫ is 27 kDa, but as with the GST-SclA fusion it migrated more slowly in SDS-PAGE. SclA Ϫ and AP1 bacteria had similar growth characteristics in THY medium and showed identical binding of fibrinogen and immunoglobulin G (data not shown). Binding of glycoproteins, such as thyroglobulin, to S. pyogenes is mediated by an Mga-regulated protein distinct from the M protein (26) . Binding of radiolabeled thyroglobulin to the SclA Ϫ mutant was found to be identical to that of MC25 (an M-negative mutant of AP1, generated using pFW13) (11), while the level of binding to BMJ71 was much lower (data not shown). SclA Ϫ as well as AP1 survived in fresh human blood and showed identical adherence to a pharyngeal cell line (data not shown). Since several reports have shown that a collagenlike surface protein of Streptococcus sanguis induces aggregation of human platelets (12, 13) , the SclA Ϫ strain was compared with AP1 in a platelet aggregonometric assay. As was previously reported for other S. pyogenes strains (35), AP1 bacteria were able to induce a complete aggregation of platelets in platelet-rich plasma within less than 1 min. SclA Ϫ bacteria were equally effective in inducing aggregation. Moreover, the GST-SclA protein added in concentrations of up to 0.1 mg/ml to platelet-rich plasma was able neither to induce aggregation of platelets nor to influence the aggregation of platelets mediated by AP1 or SclA Ϫ bacteria (data not shown). Distribution, sequencing, and genetic analysis of the SclA protein. The presence of sclA in S. pyogenes strains was investigated by Southern blotting, and all strains (12 of 12) had a single chromosomal fragment reacting with the sclA probe (data not shown). Primers F1 and R2 (see Materials and Methods) were used in PCR to amplify a large fragment of sclA. Depending on the template DNA used, a fragment of 0.9 to 1.5 kb was obtained. These fragments were subjected to sequencing.
A schematic comparison between the predicted mature SclA protein from the database sequence and the predicted mature SclA proteins from the strains sequenced in this work is shown in Fig. 5A . The SclA proteins from the three M1 strains are
FIG. 2. (A)
Total RNA was obtained from the AP1 strain at early logarithmic growth phase (EL), late logarithmic growth phase (LL), and early stationary phase (ES). RNA was subjected to Northern blotting using a probe hybridizing with sclA. A part of the gel was stained with ethidium bromide to visualize rRNA bands, used as molecular weight markers. (B) Total RNA from AP1, BMJ71, and BMJ71pMGA.1 was prepared from bacteria in early logarithmic growth phase and subjected to Northern blotting using the same probe as for panel A. (C) Representation of the putative Mga-binding element located at Ϫ107 to Ϫ147 bp from the start codon of sclA. Putative Ϫ35 and Ϫ10 boxes are indicated.
FIG. 3.
The SclA protein was expressed as a GST fusion. GST and GST-SclA samples were separated by SDS-PAGE (12% acrylamide; reducing conditions), and two identical gels were run. One gel was stained with Coomassie brilliant blue (STAIN), and the other was subjected to Western blotting using an antiserum to GST-SclA (BLOT).
identical, while the SclA proteins from different serotypes are divergent. The signal sequences are Ͼ95% conserved among the 12 strains (not shown). The A domains, however, differ in sequence, and the identity between the A domains varies between 22 and 70% in a pairwise ClustalW alignment. The A domain of AP15 shows the lowest degree of identity to the other A domains, while the A domains of AP12 and AP49 show the highest degree of identity. The A domains have some features in common, the first of which is a prediction for two alpha helices using two different computer algorithms (10, 17) . Figure 5B summarizes the alpha helix predictions for the A domains of SclA from the 10 different serotypes. A region was regarded as helical only when both algorithms predicted it to be so. The predictions indicate that the majority of A domains have one alpha helix from aa 48 to aa 62 and a second alpha helix between aa 86 and 104. The loop region between the two helices is 19 Ϯ 4.5 aa (mean Ϯ the standard deviation), excluding the A domains of M1 and AP15. The A domain of the SclA protein from M1 bacteria is predicted to have a short helix within the loop region, while the A domain of SclA from AP15 has three predicted helices. The second striking feature of the A domain is the high content of aromatic amino acids in the loop region spacing the two helices: 28% Ϯ 7% as compared to 11% Ϯ 3% for the entire A domain (mean Ϯ the standard deviation). None of the A domains showed any significant similarity to sequences deposited in databases.
The CLR varies in length, and most CLRs contain type 1 and type 2 repeats. The CLRs of the SclA protein from AP34 and AP57 have type 1 and type 2 repeats with three additional GXY units. Two additional 30-aa collagen-like repeats can be identified in the CLR. The KTL9 strain harbors two copies of a type 3 repeat, and the AP34 strain has three copies of a type 4 repeat within the CLR. In the COOH-terminal part of the CLR, a stretch of 33 aa is more than 95% conserved between FIG. 4 . (A) Insertion-duplication mutagenesis was used to delete the part of sclA encoding the membrane-spanning M domain and the COOH-terminal part of the W domain in strain AP1 to generate the SclA Ϫ strain. (B) Growth media from AP1 and SclA Ϫ were TCA precipitated, and proteins were subjected to SDS-PAGE (12% acrylamide gels; reducing conditions). One gel was stained with Coomassie brilliant blue (STAIN), and two replicas were subjected to Western blotting (BLOT) using SclA antiserum or preimmune serum (dilution, 1:1,000), respectively.
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STREPTOCOCCAL COLLAGEN-LIKE SURFACE PROTEIN 6373 most SclA proteins. This region is represented by a dark gray shading in Fig. 5 . Overall, the homology between the SclA proteins is high in the COOH-terminal part of the CLR and lower in the NH 2 -terminal part. Carboxy-terminal to the CLR, all SclA proteins, except for those from M1 strains, contain one to six copies of a 21-aa-long proline-rich repeat (denoted by 5 in Fig. 5 ). This repeat does not resemble collagen and shows similarity to several other surface proteins from gram-positive bacteria containing proline-rich repeats, like PspC (6) from
Streptococcus pneumoniae and the ␤ antigen (27) from Streptococcus agalactiae. The SclA protein of AP9 has three divergent proline-rich repeats containing two or five additional amino acid residues and one copy of the consensus repeat. The W domain is Ͼ95% conserved among all the proteins and contains the LPATGE motif. The calculated molecular mass of the mature SclA protein varies from 25 kDa for AP15 to 40 kDa for AP12. Despite the variation in size and sequence, the proteins all have a predicted acidic pI ranging from 4.7 to 5.2. The black color indicates that 9 or 10 of the A domains had a helical prediction in the area, the dark gray that 6 to 8 A domains were predicted to be helical, the light gray that 3 to 5 were predicted to be helical, and the white that 0 to 2 were predicted to be helical. Only regions where both predictions indicated alpha helices were regarded as helical.
The level of similarity between the A domains of different SclA proteins is too low to allow a stringent phylogenetic analysis. However, a few possible phylogenetic dendrograms were obtained and compared with similar dendrograms obtained for the hypervariable NH 2 -terminal part of different M proteins (61) . No correlation was found between any of the dendrograms generated for the SclA and the M proteins (data not shown).
DISCUSSION
In this work we describe a novel surface protein of S. pyogenes containing a collagen-like region. Collagen is a triplehelical, elongated protein structure which is the dominating structural component of the extracellular matrix of all multicellular organisms. Moreover, collagens interact specifically with several macromolecules (see reference 53). Collagen-like sequences are found in other proteins, such as C1q of the complement system (49) and the scavenger receptor on macrophages (34) , where these sequences are believed to play both structural and functional roles (53, 57) . The CLR of SclA could by analogy serve both as a ligand-binding site and as a stalk on which the hypervariable NH 2 -terminal A domain is exposed. Collagen-like sequences are not limited to proteins of multicellular organisms but can also be found in bacterial proteins. For example, a collagen-like sequence stabilizes homotrimers of a pullulanase in Klebsiella pneumoniae (8) . In S. pyogenes, two extracellular hyaluronidases have been reported to contain short stretches of collagen-like sequences (24, 25) . Moreover, a collagen-like surface antigen of S. sanguis has been shown to induce aggregation of platelets (12, 13) . A collagenlike heptapeptide was found to be responsible for this effect (14) , but the sequence of the intact protein is unknown. The CLR of SclA is, however, the longest collagen-like sequence of a bacterial protein so far described. Moreover, SclA is not involved in platelet aggregation and is thus distinct from the collagen-like immunodeterminant at the surface of S. sanguis.
The SclA protein has several characteristics of a surface protein of gram-positive bacteria, including a signal sequence and a cell wall anchor containing the LPXTGX motif. SclA contains proline-rich repeats in the COOH-terminal part of the protein, which is also common for surface proteins in gram-positive bacteria. The number of proline-rich repeats varies between different streptococcal strains, much like the repeats in the protein GRAB (48) . The type 1 to type 4 repeats are all collagen-like and are located in the conserved COOHterminal part of the CLR. These repeats are less well defined and are sometimes overlapping.
The SclA protein has several features in common with streptococcal M proteins. M proteins are rod-like alpha-helical coiled-coil proteins which protrude from the streptococcal cell surface. In SclA it is likely that the CLR forms such an elongated and rod-like structure, which could serve to present the hypervariable A domain at the bacterial surface. Furthermore, both the M protein and SclA have conserved COOHterminal parts, while both proteins exhibit hypervariable NH 2 -terminal domains. The hypervariable regions of SclA proteins, however, share a common secondary structure as judged from computerized predictions. All A domains have a strong prediction to form two alpha helices connected by a loop region rich in aromatic amino acids. Despite the lack of sequence conservation, the hypervariable NH 2 -terminal regions of several M proteins have recently been shown to bind C4BP, a regulatory protein of the complement system (29) . Only one M protein tested failed to bind C4BP, and this M protein had a secondary structure prediction in the hypervariable region different from that for the others (29) . Also, the hypervariable NH 2 -terminal regions of M5 and M6 have an affinity for FHL1, another regulatory protein of the complement system (28) . It therefore appears plausible that the hypervariable NH 2 -terminal regions of SclA showing a conserved secondary structure interact with a common ligand and have common function(s). However, among a large number of tested human proteins, we have failed to identify any that interacts with SclA.
Within a given serotype, the M protein is conserved. Antibodies to the hypervariable part of M proteins are opsonizing, and therefore the differences between M proteins of different serotypes can be explained as a means by which S. pyogenes avoids cross-serotype immunity. It seems likely that the hypervariability of SclA is also due to a selective pressure to avoid cross-serotype-reacting antibodies. Interestingly, there seems to be a correlation between the M serotype and the sequence of SclA. Thus, SclA sequences of the three M1 strains studied here are completely conserved, as is the case for 95% of M1 proteins (21) . Therefore, a given M serotype seems to have a distinct SclA type.
Genes encoding M proteins are subjected to horizontal gene transfer (32) , and it is possible that at least one case of horizontal gene transfer of the sclA gene has occurred among the S. pyogenes strains studied in this work. There is no special structural similarity between the M12 and M49 proteins and no overall chromosomal relationship of the M12 and M49 strains (61) . Nevertheless, the SclA proteins of these two strains are very similar compared to any other pair of SclA proteins. Another striking similarity between the M proteins and SclA is related to their gene regulation. Both genes are under the transcriptional control of the Mga protein. The coregulation of these two surface proteins will result in their simultaneous exposure at the bacterial surface, suggesting that they play a role during the same phase of an infection. It is noteworthy that Mga regulates the expression of additional genes implicated in the virulence of S. pyogenes, including the scpA gene, encoding the C5a peptidase (36, 45, 60) and the sic gene, encoding the complement regulator protein SIC (2, 33) . This suggests also that SclA could contribute to the virulence of S. pyogenes, a possibility which will be investigated in future studies.
several S. pyogenes strains express an additional Scl-like protein.
